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The green banana ﬂour (GBF) from Musa cavendischii, variety “Nanic~ao”, can be used as a functional
ingredient due its high content of resistant starch (RS2), in view of postprandial glycemic reduction and
insulinemic levels when ingested. However, the GBF presents a cohesive proﬁle, a low rate of wettability
and dispersability in water at ambient temperature, besides its RS is thermo sensitive. Therefore, GBF was
submitted to an agglomeration process using a pulsed ﬂuidized bed (PFB) at pulsation frequency of
10 Hz. Aqueous solution of sodium alginate (5 g/100 g) was used as binder at a ﬂow rate of 3.0 mL min1,
and temperature of 95 C, pressure of 100 kPa, air velocity of 1.2 m s1 and time of 50 min. Agglomerated
ﬂour was obtained with reduced moisture content, increased mean particle diameter, high ﬂowability
and porosity with irregular shape. Agglomerated ﬂour presented a RS content of (53.95 ± 0.22) g/100 g in
comparison to (57.49 ± 0.43) g/100 g (db) to the original content, showing that the agglomeration
process did not affect the functional properties of GBF and increased the particles wettability properly to
be used in liquid preparations.
© 2015 Elsevier Ltd. All rights reserved.1. Introduction
Banana is widely produced in tropical and subtropical regions
and it has an important impact on economy for developing coun-
tries. The variety Nanic~ao (Musa cavendischii) is one of the most
important crops in Brazil (FAO, 2010), which is the ﬁfth world
producer (6.9 million ton), being India the ﬁrst one producer in
2010. Despite of the high production, around of one-ﬁfth of all
banana harvested is wasted and rejected fruits are normally
disposed improperly. In view of that, green banana has been
considered an ideal product for industrialization, in addition to its
high RS content and low soluble sugar concentrations (Cordenunsi
& Lajolo,1995). An innovative approach has been taken to exploring
green banana ﬂour as a functional ingredient, and its regular con-
sumption can be expected to confer health beneﬁts in humansFoRC, Food Research Center,
.(Juarez-Garcia, Agama-Acevedo, Sayago-Ayerdi, Rodriguez-Ambriz,
& Bello-Perez, 2006; Menezes et al. 2010).
Starch is the most important component of green banana fruit,
representing a mass fraction of 70e80 g/100 g db. According to
Juarez-Garcia et al. (2006) green banana ﬂour (GBF) produced un-
der speciﬁc conditions is composed as follows: 73.4 g/100 g of total
starch, 17.5 g/100 g of RS and 14.5 g/100 g of dietary ﬁber (DF).
Moreover, great part of the RS found in GBF is the type 2 (RS2)
which crystallinity makes it scarcely susceptible to hydrolysis and
therefore offers positive effects in the human colon and implica-
tions for health (Langkilde, Champ, & Anderson, 2002), in view of
the reduction of postprandial glycemic and insulinemic levels
when ingested.
Tribess et al. (2009) obtained GBF by drying green peeled ba-
nanas in a dryer tunnel at different conditions, and found the
highest RS content (58.5 ± 5.4) g/100 g d.b. of GBF under the drying
conditions of 55 C and 1.4 m s1. However, the ﬁne and cohesive
particles of GBF presented a low dispersability and solubility in
water, at ambient temperature. The dispersion of GBF in hot water
should be avoided, due to the thermo sensitivity of RS at temper-
atures above its gelatinization temperature (68.63 ± 0.28) C
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ingredient is limited.
A useful method to improve the ﬂowability of GBF particles is
the agglomeration processes by increasing the particles size. These
processes are widely used in food industries, which are accom-
plished by the water or binder spraying over the particles surface,
followed by the collision, sticking and particles coalescence. The
granules produced by these processes showed controlled bulk
density and particle size distribution, improved ﬂowability, higher
wettability and dispersability in liquids and is dust free (Iveson,
Litster, Hapgood, & Ennis, 2001; Palzer, 2009; Schubert, 1993;
Turchiulli, Eloualia, Mansouri, & Dumoulin, 2005).
Hirata, Dacanal, and Menegalli (2013) produced porous and
irregular granules with high ﬂowability of commercial high-ester-
pectin extracted from citrus peel, agglomerated in a PFB, using
water as binder agent. In another study, Dacanal and Menegalli
(2010) used this process to produce instant soy protein isolate
(SPI) by spraying maltodextrin aqueous solution, as binder agent.
The SPI granules showed a porous and irregular shape, and also
presented a wetting time decrease with free-ﬂow improvement
and cohesiveness reduction. Additionally, Dacanal, Hirata, and
Menegalli (2013) studied the ﬂuid dynamic and morphological
characterization of agglomerated SPI particles by varying the PFB
pulsation frequency and related that the pulsation frequencies of
(5 and 10) Hz produced particles with a higher size distribution
with lower rates of breakage. Jinapong, Suphantharika, and
Jamnong (2008) studied the production steps of instant soymilk
powder by spray drying and ﬂuidized bed agglomeration using
maltodextrin aqueous solutions as binder agent at several con-
centrations. These authors concluded that the ﬂowability and
wettability of the spray-dried powders were very poor probably
due to their very small size (<25 mm), while the agglomerated
powder presented a higher particle size (260 mm) with better
instant properties.
The objective of this study was to study the production of
instant green banana ﬂour by agglomeration processes in a PFB, in
view of to produce granules with higher dispersion in cold water
for the human consumption. The raw particles and granules of GBF
were characterized before and after the agglomeration in terms of
their physicochemical, physical, morphological and reconstitution
properties.
2. Materials and methods
2.1. Fresh green bananas selection and characterization
Green bananas (Musa acuminata, subgroup Cavendish) were
purchased after one harvest day, from a local market. The crops of
the bananas (known as Nanic~ao in Brazil) are located in Vale do
Ribeira, S~ao Paulo state. The fruits were characterized as green
banana at the ﬁrst stage of maturation and submitted to drying
process immediately. According to Tribess et al. (2009), for this
cultivar, the green bananas from the same local, in the ﬁrst stage of
maturation are characterized by the values of: pH (5.3 ± 0.1); sol-
uble solids (3.5 ± 0.8 Brix), titratable acidity (0.37 ± 0.09 g/100 g);
total solids (33.3 ± 1.1 g/100 g) and ﬁrmness (25.8 ± 2.4 N).
Physicochemical analyses and ﬁrmness were determined, in
triplicate, in fruits before processing.
The moisture content was determined by gravimetry after
dehydration of banana slices around 5 g at 70 C, under vacuum
pressure at 13.3 kPa until constant weight (AOAC 1995). The soluble
solids were evaluated by a refractometer (Carl-Zeiss Jena, 711849,
Germany), according to AOAC (1995), and corrected for acidity and
temperature. pH was measurement by a pH-Stat (Radiometer,
PHM290, France).A texture analyzer TA-XT2iplus (SMS, UK, load 30 kg) was used
by penetrometry tests on the hole banana pulp, with a ﬂat base
probe (6 mm-diameter), at 1 mm s1 penetration velocity, 20 mm
of depth, at ambient temperature.
2.2. Green banana ﬂour production
Firstly, the green bananas fruits were rinsed with sodium hy-
pochlorite solution (10 g L1), hand peeled and immediately
immersed in citric acid solution (1 g L1) for 5 min. Then, the fruits
were cut into slices (4 mm-thickness), and submerged again in the
same solution and time, to avoid enzymatic browning. Banana sli-
ces were dried (55 C; 1.0 m s1 of air velocity) in a pilot plant-scale
forced dryer (Proctor & Schwartz, EQ-EP.134, USA). After that, the
slices bananas were ground in a mill (Rietz, RP-8-K115, USA) and
the GBF produced was packaged in polyethylene bags and stored at
10 C of refrigeration temperature until further analyses.
2.3. Agglomeration experiments
Agglomeration experiments were performed in a lab scale, us-
ing a PFB shown schematically in Fig. 1, which the gas pulsation is
provided by a rotating sphere valve.
The trials were performed using the following operational
conditions: 0.4 kg of GBF per each batch; air temperature of 95 C;
ﬂuidizing air velocity of 0.3 m s1, pulsation frequency of 10 Hz,
based on those applied by Dacanal and Menegalli (2009) and
Dacanal et al. (2013) for the granules production with higher mean
diameter and lower elutriation of ﬁnes. The tube (101.6 mm-
diameter, 100 mm-height) is positioned in the bottom of ﬂuid bed
chamber. For a sample mass of 0.4 kg and a bulk density of
514.76 kg m3, the achieved height of the powder layer was
100 mm, approximately.
Aqueous solution of sodium alginate (SigmaeAldrich, Brazil) at
four different concentrations (1, 4, 5 and 8) g/100 g and at two
different temperatures (35 and 50) C, under constant stirring
(Dewettinck, Deroo, Messens, & Huyghebaert, 1998) was used as
binder and coating due to its barrier characteristics and edible use
(Goh, Heng, & Chan, 2012). It was fed at a ﬂow rate of 3 mL min1
and at pressure air of (100e150) kPa, to a two-ﬂuid spray nozzle
(Spraying System Co., 1/8JN-SSþSU11-SS) ﬁxed at 60 cm-height
inside of the chamber, resulting in a conical geometry of liquid
atomization.
The process yield was evaluated according to:
Y ¼ mf
min
¼

min melut
mi

 100 (1)
wherein: Y is the process yield [%]; mf the ﬁnal product mass [g];
min the initial product mass [g] and melut the elutriated fraction of
ﬁnes [g].
2.4. Green banana ﬂour characterization
Physicochemical, physical, particle size distribution,
morphology and thermal analyses were conducted, in triplicate, in
GBF before and after agglomeration process. In order to verify the
inﬂuence of agglomeration process, the resistant starch content
was also determined.
2.5. Physicochemical analyses
Moisture content was determined by gravimetry determination
(AOAC, 1995). Water activity by direct measurement using a water
activity analyzer (Decagon, Aqualab, USA) at temperature of 23 C.
Fig. 1. Scheme of the pulsed ﬂuidized bed used for green banana ﬂour agglomeration: (a) Blower (A), Valve (B), Heater (C), PID controller (D), Air deﬂector (E), Rotameter (F),
Temperature sensor (G), Air distributor (H), Rotating spherical valve (I), Bed chamber (J), Nozzle (K), Cyclone (L); (b) the agglomeration process in detail (adapted from Dacanal &
Menegalli, 2010).
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For the soluble solids determination, about 5 g of GBF diluted in
50 mL was directly measured in a refractometer (Carl-Zeiss Jena,
711849, Germany).
2.6. Physical analyses
Bulk density (rb) of GBF was directly determined using a
stainless steel pycnometer. Tapped density (rtap) was carry out in a
Tap Density Tester (Logan, TAP-2S, USA): a sample of GBF was
gently loaded into a test tube of 100 mL, weighed and tapped 1000
times. The volume of the sample was then read and used in the
calculation (Abdullah & Geldart, 1999; Teunou, Fitzpatrick, &
Synnott, 1999). Particle density (rP) was measured by a liquid
displacement method using a glass pycnometer with alcohol
(Mohsenin, 1986).
Total porosity (εt) was estimated from GBF densities:
εt ¼ 1 rb
rP
(2)
Flowability and cohesiveness of the GBF were determined
through twomethods: in terms of Carr Index (CI) and Hausner Ratio
(HR) (Carr, 1965; Turchiulli et al. 2005), according to:
CI ¼

rtap  rb

rtap
 100 (3)
HR ¼ rtap
rb
(4)
Powders with HR < 1.2 are classiﬁed as free-ﬂowing group; with
1.2 < HR < 1.4 are considered as intermediate ﬂowing; and with
HR > 1.4 belong to a very cohesive and non-ﬂowing group
(Turchiulli et al. 2005). Flowability of powders with CI < 15 are
classiﬁed as very good; CI: 1520 as good; 2035 fair; 3545 bad
(Carr, 1965).
Flodex apparatus (Hanson Research, 21-101-050, USA) was use
to evaluate the powder ﬂowability, based upon the ability of about50 mg of GBF to fall freely through a smallest hole in three suc-
cessive assays.
From a technical point of view, the powder ﬂowability can be
measured by angle of repose, which was determined by two
different methods (Teunou, Vasseur, & Krawezyk, 1995): by the
pouring method using the Flodex apparatus (Hanson Research, 21-
101-050, USA), based on the angle formed by a pile, whose tangent
can be calculated:
aFLODEX ¼ arctan
hFLODEX
ðdcylinderdFLODEXÞ
2
(5)
wherein: aFLODEX is the angle of repose [], hFLODEX the GBF
remaining height [mm], dcylinder ¼ 56.5 mm the cylinder diameter
and dFLODEX the hole size diameter [mm].
The second method for angle of repose determination is based
on freefall (afreefall) of GBF from a funnel gently loaded on a ﬂat
surface. During the test, pictures were taken from a camera posi-
tioned in parallel with a pile and the software IMAGEJ software
v1.47 was used to obtain the angle of repose.
The wetting time (tw), was registered using a video camera
(Sony, model 10.1 megapixels, optical zoom 3x), as the time
necessary for complete wetting and immersion of a sample of
powder on a liquid surface (Dacanal & Menegalli, 2010).
2.7. Particle size and particle size distribution
The GBF particle size was measured using a stereomicroscope
(Carl Zeiss, model Stereo Discovery V8, Germany) coupled with a
digital camera (Axion ICc 3). Samples of 10 g were gently spread out
onto Petri dishes and an amount between 50 and 200 microscopic
pictures were taken, manually focused and digitalized (AxionVison
Rel 4.8.1) according to Palzer (2009). An amount of 5250 particles
for the not agglomerated GBF, and 1250 particles for the agglom-
erated GBF, foreach sample, were counted (ImageJ). These images
were treated and analyzed to obtain 2D size measurements as
perimeter (P), surface area (S), and the minimum (Fmin) and
maximum (Fmax) Feret diameters (Dacanal et al. 2013).
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elongation (E) and compactness (O) of the particles by comparison
with known 2D projections shapes (Dacanal et al. 2013; Russ,1994),
were calculated:
C ¼ 4pS
P2
(6)
R ¼ 4S
pF2max
(7)
E ¼ Fmax
Fmin
(8)
O ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃð4=pÞSp
Fmax
(9)
For comparison the evolution of particles morphology with
agglomeration process, the particles were classiﬁed into several
shape parameter intervals. Therefore, the mean shape descriptors
of a bulk of particles, evaluated by IMAGEJ software v1.47, were
used for comparison between the shape of a bulk of particles from
raw powder and agglomerated products (Dacanal et al. 2013).
Each particle was classiﬁed into several shape descriptor in-
tervals i and the mean shape descriptor was evaluated by the
number-based fraction. The bulk circularity (Cbulk), bulk roundness
(Rbulk), bulk elongation (Ebulk) and bulk compactness (Obulk) were
evaluated by the sum of deviations between each particle and a
regular circle:
1 Cbulk ¼
P
xiðCcircle  CiÞP
xi
(10)
1 Rbulk ¼
P
yiðRcircle  RiÞP
yi
(11)
1 Ebulk ¼
P
wiðEcircle  EiÞP
wi
(12)
1 Obulk ¼
P
ziðOcircle  OiÞP
zi
(13)
wherein xi, yi, wi and zi are the number-basis fractions of particles
classiﬁed at interval i.
The equivalent diameter (deqi) was calculated, considering the
2D-surface area (Seqi), and the standard size intervals varying be-
tween (0.25 and 3250) mm; particles with size<0.25 mm were not
considered.
deqi ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4Seqi
p
r
(14)
The size distribution based on the mass fraction (Xi) was eval-
uated based on the number-fraction (fi), equivalent diameter (deqi),
and mass of particles (mi) within the size interval, according to
Equations (15)e(19). The particle equivalent volume (Veqi) was
determined considering the sphere equivalent diameter (deqi)
(Holdich, 2002). The mass of particles (mi) within the size interval i
was evaluated based on the number of particles (Ni), particle mass
and particle density:
Ni ¼ fiSðNiÞ (15)
Veqi ¼
p
6
d3eqi (16)mPi ¼ rPVeqi (17)
mi ¼ mPiNi (18)
Xi ¼
miP
mi
¼ mPiNiP
mi
(19)
The number-based size distribution and mean particle di-
ameters such as: Arithmetic mean (D[1,0]), Sauter mean (D[3,2]) and
de Brouckere mean (D[4,3]), were evaluated based on the number
fraction (fi) of the equivalent particle diameter (deqi) classiﬁed
within the size interval i:
D½1;0 ¼
P
fi deqiP
fi
(20)
D½3;2 ¼
P
fi d3eqiP
fi d2eqi
(21)
D½4;3 ¼
P
fi d4eqiP
fi d3eqi
(22)
The dispersion of particle size distribution was measured as the
span ratio:
span ¼ d90  d10
d50
(23)
wherein d90, d10 and d50 are the equivalent diameters evaluated at
percentiles of 90 %, 10 %, and 50 % of the size distribution,
respectively.
2.8. Particle morphology
Particles of GBF before and after the agglomeration process
were evaluated by a high-resolution scanning electron micro-
scopy (FEI Quanta 600FEG, Netherlands). The samples were pre-
pared on SEM stubs coated with gold under vacuum and the SEM
was operated at 10 kV at magniﬁcation range from 1400 to
10000.
2.9. Thermal analyses
Experiments were conducted for GBF before and after
agglomeration process using a differential scanning calorimetry
(Netzsch, STA409PC, Germany), calibrated with different salts
(RbNO3, KClO4, Ag2SO4, CsCl) at an atmosphere of N2. Samples
(about 2 mg) were placed in a hermetic aluminum pan with 7 mL
of deionized water, sealed tightly and kept for about 60 min before
the test (Paredes-Lopez, Bello-Perez, & Lopez, 1994). The samples
were submitted to a heating temperature program from 23 ºC to
120 ºC at a heating rate of 10 C min1, in triplicate, with an empty
aluminum pan used as reference. The onset and peak tempera-
tures, as well as transition enthalpies were calculated by Proteus®
program.
2.10. Resistant starch content
The RS content in the fresh green banana and in GBF (raw and
agglomerated) was measured according to the AOAC method
2002.02 (McCleary & Monaghan, 2002).
Table 2
Moisture content (Xw), bulk density (rb), tapped density (rtap), particle density (rP),
total porosity (εt), Carr index (CI), Hausner Ratio (HR), ﬂowability by hole size
diameter (dFLODEX), remaining height (hFLODEX), angle of repose by FLODEX (aFLODEX),
angle of repose by freefall (afreefall) and the wetting time (tw) of green banana ﬂour
(GBF) before and after the agglomeration process.
Physical properties GBF Agglomerated GBF
Xw [g/100 g] 3.97 ± 0.49 2.61 ± 0.66
rb [kg m3] 514.76 ± 0.01 329.19 ± 0.02
rtap [kg m3] 652.06 ± 0.03 403.07 ± 0.01
rP [kg m3] 1452.26 ± 0.02 1329.69 ± 0.02
εt [dimensionless] 0.70 ± 0.01 0.73 ± 0.03
CI [%] 20.95 ± 4.04 18.3 ± 0.34
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3.1. Fresh green bananas characterization
It can be observed in Table 1 that values of pH, moisture, soluble
solids and RS contents found in this work are comparable those
reported by Izidoro, Sierakowski, Haminiuk, Souza, and Scheer
(2011) and Tribess et al. (2009). Moreover, the green bananas
ﬁrmness of (30.8 ± 5.3) N is higher than results obtained from the
literature, which indicates their ﬁrst stage of maturation. These
ﬁndings conﬁrm that the green bananas were adequate as raw
material for GBF production, especially with a high RS content.HR [dimensionless] 1.27 ± 0.06 1.22 ± 0.01
dFLODEX [mm] 26 9
hFLODEX [mm] 38.20 ± 2.68 32.67 ± 2.50
aFLODEX [] 68.17 ± 1.46 53.89 ± 2.21
afreefall [] 36.89 ± 2.67 33.83 ± 3.90
tw [s] >747.6 <313.83.2. Agglomeration experiments
An aqueous solution of 5 g/100 g at 35 C, 100 kPa of relative
pressure and at 3.0 mL min1 of ﬂow rate, presented the best
behavior during ﬂuidization and atomization, that is the sodium
alginate solution ﬂuidized completely without stop the process.
Furthermore, it was observed the successful growing of average
size agglomerates. Binder higher concentrations resulted in a
collapse of the PFB, accompanied by formation of clods and parti-
cles adhesion at the nozzle. This behavior is inﬂuenced by the
viscosity of the sodium alginate similar to a gel known as pseu-
doplastic behavior (Dewettinck et al. 1998; Goh et al. 2012). In
contrast, concentrations lower than 4 g/100 g of sodium alginate
have resulted in excessive moisture, which leads to a longer drying
time, besides of the wall incrustations during the process. In fact,
the binder solution concentration causes an impact on the particles
during the process; Turchiulli et al. (2005) observed that the use of
higher binder concentrations resulted in a high granules size
increasing. However, these granules presented a poor stability, with
a lower friability, when submitted to frictions.
The operational conditions of air pulsation frequency of 10 Hz,
air inlet temperature of 95 C, resulted in a process yield (Y) of
(87.85 ± 5.90)% and in a moisture of agglomerated ﬂour of
(2.61 ± 0.66) g/100 g db, which indicated a lower weight loss by
elutriation. Dacanal et al. (2013) observed that the higher mean
diameter of cohesive SPI powders was produced in a PFB at the air
pulsation frequency of 10 Hz, which also resulted in higher process
yield and product moisture. This behavior was also observed by
Iveson et al. (2001), however, these authors mentioned that an
excessive atomization pressure caused a decrease of the process
yield owing to the amount elutriated particles.Table 1
Moisture content (Xw), soluble solids content (Xss), pH, titratable acid, water activity (aw
banana ﬂour (GBF) in comparison with literature data.
Parameters Green bananas Li
Xw [g/100 g] 71.50 ± 0.01 6
71
Xss [Brix] 2.9 ± 0.52
5
pH 5.6 ± 0.3
Titratable acidity [g/100 g]e 0.28 ± 0.02 0
0.
aw 0.980 ± 0.003
RS [g/100 g db] 64.4 ± 2.0 6
5
F [N] 30.8 ± 5.3 2
a Tribess et al. (2009).
b Izidoro et al. (2008).
c Langkilde et al. (2002).
d Menezes et al. (2011).
e As malic acid.3.3. Green banana ﬂour characterization
As expected, the GBF presented low values of moisture content
and water activity, indicating an efﬁcient removal of water in
comparison those values found in green bananas, whereas the
soluble solids content remained the same (Table 1). It can be
observed a reduction of about 10 % of RS content, however this level
can be considered high. These results conﬁrm those previous ob-
tained by Tribess et al. (2009) and Menezes et al. (2011), drying
green bananas var. Nanic~ao under same process conditions.
In Table 2, for agglomerated ﬂour all densities decreased,
whereas the total porosity value increased; common behavior of
agglomerated powders (Turchiulli et al. 2005). Lowermean value of
moisture content obtained for agglomerated GBF indicated that
therewas a good equilibrium between drying and atomization rate;
this performance enhanced the ﬂuidization of particles, since a
wide increment on the relative air during the process could lead to
clods and inlay on the walls bed ﬂuidized, ceasing the process.
Abdullah and Geldart (1999) afﬁrmed that free ﬂowing powders
have lower consolidation while a ﬁne and cohesive powder will
collapse quickly in a container due to tapping. Therefore, higher
tapped densities can be attributed to ﬁnes particles. Results ob-
tained of the lower values of tapped and bulk densities of
agglomerated GBF indicate a powder less cohesive.
Handling properties (Table 2) show the enhancement of the GBF
ﬂowability after agglomerationprocess, since the reduction of the CI), resistant starch content (RS) and ﬁrmness (F) of green bananas fruits and green
terature data GBF Literature data
6.7 ± 1.1a 3.97 ± 0.49 6.9 ± 0.1d
.69 ± 0.12b 5.3 ± 0.1a
2.1 ± 0.6a 3.0 ± 0.5
.15 ± 0.31b
5.7 ± 0.1a 5.94 ± 0.01
5.2 ± 0.6b
.37 ± 0.09a 0.20 ± 0.01
165 ± 0.01b
0.35 ± 0.03
3.6 ± 2.5a 57.5 ± 0.4 49.0 ± 0.4d
3.4 ± 1.1c 56.6 ± 3.3a
5.8 ± 2.4a
Table 3
Mean particles diameters as arithmetic mean (D[1,0]), Sauter mean (D[3,2]) and De
Brouckere mean (D[4,3]), equivalent diameters evaluated at percentiles of 10 % (d10),
50 % (d50), and 90 % (d90) of the size distribution; span ratio (span); and the shape
descriptors for a bulk of particles (Cbulk e circularity; Rbulk e roundness; Ebulk e
elongation; Obulk e compactness), for green banana ﬂour (GBF) before and after
agglomeration process at air pulsation frequency of 10 Hz.
Measurement GBF Agglomerated GBF
D[1,0] [mm] 9.69 67.27
D[3,2] [mm] 24.99 374.52
D[4,3] [mm] 36.00 444.26
d10 [mm] 1.70 1.28
d50 [mm] 8.03 10.74
d90 [mm] 19.00 226.10
span [e] 2.15 20.93
Cbulk [e] 0.70 0.68
Rbulk [e] 0.47 0.49
Ebulk [e] 1.72 1.73
Obulk [e] 0.69 0.70
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ﬂowability. However in relation of the HR, both powders presented
intermediate ﬂowability. The improvement of GBF ﬂowability by
agglomeration can also be veriﬁed observing the lower values of the
hole size diameter, remaining height and the calculated aFLODEX and
measured afreefall. Barbosa-Canovas, Ortega-Rivas, Juliano, and Yan
(2005) deduced that powders with lower values of angle of repose
(<35) have better ﬂowability, and are classiﬁed as free ﬂowing. In
contrast, powders with larger angle of repose (>55) have a high
cohesiveness. Through this classiﬁcation, the afreefall of GBF
agglomerated (33.83 ± 3.90) indicates a powder with good ﬂow-
ability. The aFLODEX of (53.89 ± 2.21) was characterized as poor
ﬂowability, however compare with the angle before the process of
(68.17 ± 1.46) there was a signiﬁcant reduction value.
Schubert (1987) in his classical review about the properties of
particles, observed that the powder ﬂowability, wettability and
dispersability increase with the particle size increase, as long as,
ﬁnes particles show a strong adhesion forces with the tendency to
form lumps. Therefore, in particulate solids having good instant
properties, it is expected their penetration to be completed satis-
factorily in a few seconds. Powders with ﬁnes particles in contact
with water have a tendency to form lumps on the liquid surface
that is caused due to high surface tension (Schubert, 1993), which
behavior was presented by the GBF before the agglomeration
process. In this study, it can be seen that the agglomeration process
markedly improved the wettability of GBF, diminishing the tw from
a time superior to 747.6 s to a less than 313.8 s.
It can be observed in Fig. 2, a signiﬁcant increase of the particle
diameter of the agglomerated GBF, which particle size distribution
peak achieved 578.5 mm, about 13 times higher than obtained from
GBF. This displacement of the particle size distribution peak as a
function of the mass fraction was obtained after 55 min of
agglomeration time. The change in particle size can also be
observed by the mean particle diameters and the equivalent di-
ameters presented in Table 3. All mean particle diameters obtained
for GBF increased after the agglomeration process, except the d10
percentile, probably because of the ﬁne particles were mixed with
larger ones and a likely break of the particles during the agitation.
Higher values ofD[3,2] andD[4,3] conﬁrmed the improved ﬂowability
presented by agglomerated GBF in accordancewith angle of repose.
From results, the GBF before agglomeration process could be
classiﬁed by its ﬂuid dynamics behavior as pertaining to Geldart
group C due the presence of the ﬁnes particles (mean diameter
particle <20 mm) with high cohesiveness and an extremely difﬁcultFig. 2. Particle size distribution obtained for green banana ﬂour (GBF) before (-) and
after agglomeration process (B) at air pulsation frequency of 10 Hz.to ﬂuidization (Geldart, 1973). Therefore, after the agglomeration
process with the increased size of the particles, the GBF presented
improved ﬂowability and consequently could be classiﬁed in the
Geldart group B, wherein the mean size ranged from 40 to 500 mm,
and especially showed better handling properties.
Changes in size, shape and morphology of the particles of GBF
before and after the agglomeration process can be observed by the
2D micrographs showed in Fig. 3. The particles of GBF before
agglomeration (Fig. 3a) showed circular and oval shapes and smaller
size when compared with the particles of agglomerated GBF, which
presented irregular form and porous surface (Fig. 3b). These de-
scriptions are typical of materials produced by agglomeration.
Although particle size is usually given the ﬁrst attention in
relation to the properties of a particulate product, particle shape
often has a signiﬁcant effect as well. In general, a quantitative
description of particle shape is faced with the problem that the
shape descriptor has a statistical distribution and that there may be
different particle shapes presented. Also, different shape aspects
may be relevant to the performance in different applications. In
Fig. 4, the raw GBF presented a higher amount of small particles,Fig. 3. 2D micrographs of green banana ﬂour (GBF) before (a) and after agglomeration
process (b) at air pulsation frequency of 10 Hz.
Fig. 4. Distributions of shape factors of green banana ﬂour (GBF) before (-) and after ( ) agglomeration process at air pulsation frequency of 10 Hz: (a) Circularity (C);
(b) Roundness (R); (c) Elongation (E); (d) Compactness (O); as a function of number-based fraction (fi).
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However, the agglomerated particles showed lower circularity and
higher elongation. The span ratio increased from 2.15 to 20.93 with
the agglomeration process, which resulted in a free-ﬂowing solid
material.
It can be seen in Table 3 that the agglomeration process did not
change the shape descriptors substantially, excepting the Cbulk,Fig. 5. SEM micrographs of green banana ﬂour (GBF) before (a and c) at magniﬁcation (150
and d) at magniﬁcation (1400 and 1500).which showed a reduction in the fraction of particles with higher
circularity, this behavior is better visualized in Fig. 4a.
It is noticeable in Fig. 5 that the starch granules present in GBF,
even though after the agglomeration, were not affected by the
process conditions keeping its structure. The smooth surface
without ruptures (Fig. 5a, c), typically found in intact starch gran-
ules presented in green bananas, proves that there was not0 and 5000) and after agglomeration process at air pulsation frequency of 10 Hz (b
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evidenced by several layers and striations on its surface (Peroni-
Okita et al. 2010). The materials observed on the starch granules
surface are due to presence of amyloplast membranes, which
enclose the starch granules in the banana cells (Menezes et al.
2011). The differences in morphology and size were revealed
through irregular shapes among the spherical smaller granules to
elongated and oval larger ones (Fig. 5); these observations are in
accordance those described by Peroni-Okita et al. (2010) and Zhang,
Whistler, Bemiller, and Hamaker (2005). Granules size ranged from
16.2 mm to 65.6 mm, indicating that the fruits used to produce the
ﬂour were in the ﬁrst stage of maturation (Lii, Chang, & Young,
1982).
Because the RS is the major compound presented in the GBF
(Menezes et al. 2011), this ﬁnding has an especial importance in
this work. Several studies in the literature show the value of RS
granules from various types of green banana fruits including Musa
Cavendishii (Bezerra, Amante, Oliveira, Rodrigues, & Silva, 2013;
Menezes et al. 2011; Peroni-Okita et al. 2010; Zhang et al. 2005).
The SEMmicrographs of agglomerated GBF (Fig. 5b, d) illustrate
starch granules joined to the binder solution used during the pro-
cess, which attributes the coating of the particles and consequently
increased their size. This morphology was observed in all SEM
micrographs obtained. In spite of granules are together and coated,
their morphology and structure were preserved, with the presence
of their original shape, therefore the main objective of this work
was satisfactory achieved.
The gelatinization temperature deﬁned as mean peak temper-
ature varied from (71.31 ± 0.04 to 71.34 ± 0.19) C, for GBF before
and after the agglomeration process, and the gelatinization
enthalpy (DH) varied from (12.61 ± 0.19 to 12.64 ± 0.22) J g1
(Fig. 6). Therefore these results indicated that the agglomeration
process did not modify the thermal properties of GBF, conﬁrming
the preservation of RS content. The values found in this work were
higher those obtained by Tribess et al. (2009) and similar to Izidoro
et al. (2011) and Lii et al. (1982) to Cavendish green banana starch.4. Conclusions
Agglomeration process in a batch PFB did not inﬂuence on the
chemical structure of green banana ﬂour, obtaining anFig. 6. Endothermic transitions and the gelatinization parameters of green banana
ﬂour (GBF) before ( ) and after ( ) agglomeration process at air pulsation fre-
quency of 10 Hz, obtained by differential scanning calorimetry.agglomerated ﬂour with an excellent RS source of 53.95 ± 0.22 %
(db), that it will be used as a potential functional food.
GBF agglomerated presented an increase of particle diameter,
with an enhancement of instant properties, which was character-
ized by the lower wetting time when compared to GBF before the
process, obtaining thus particles with a porous surface, irregular
shapes, and a high ﬂowability with lower cohesiveness and den-
sities. Hence, this process provides properties that improve the
transport, and handling conditions to powders with lower ﬂow-
ability and dispersion in liquids such as the GBF.
The gelatinization studies by DSC to GBF before and after the
agglomeration process showed that in both cases the peak tem-
perature and gelatinization transition enthalpy were similar.
Therefore the process conditions of agglomeration process as
temperature, air pulsation, pressure, and binder solution applied in
this work, did not affect the starch gelatinization transition of GBF.
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Nomenclature
C: circularity [-]
deq: equivalent diameter [mm]
deq: mean equivalent diameter [mm]
dFLODEX: hole size diameter [mm]
d10: size at percentile 10 % [mm]
d50: size at percentile 50 % [mm]
d90: size at percentile 90 % [mm]
D[1,0]: arithmetic mean diameter [mm]
D[3,2]: Sauter mean diameter [mm]
D[4,3]: De Brouckere mean diameter [mm]
E: elongation [-]
fi: number fraction fon an equivalent size interval [e]
Fmax: maximum Feret's diameter [mm]
Fmin: minimum Feret's diameter [mm]
hFLODEX: remaining height [mm]
melut: elutriated mass [g]
mf: ﬁnal product mass [g]
mi: Mass of particles at an interval i [g]
min: initial product mass [g]
mPi: particle mass [g]
Ni: number of particles [e]
O: compactness [e]
P: perimeter of particle silhouette [mm]
R: roundness [e]
S: 2D surface area [mm2]
span: dispersion of size distribution [e]
tw: wetting time [s]
T: temperature[C]
Tp: peak temperature [C]
Veqi: equivalent volume [m3]
Xi: mass fraction [%]
Y: process yield [%]
aFLODEX: Flodex's angle of repose []
afreefall: measured angle of repose []
DH: gelatinization enthalpy [J g1]
εt: total porosity [e]
rb: bulk density [kg m3]
rP: particle density [kg m3]
rtap: tapped density [kg m3]
